This paper presents the results of an experimental study on stone stability in flowing water. The various ways of quantifying the hydraulic loads exerted on the stones on a bed are extensively reviewed, verified and extended. As a result, a new stability parameter is proposed to better quantify the hydraulic loads exerted on the stones. A physical relationship between flow parameters and the bed damage -expressed as a stone transport formula -has been established for non-uniform flow. Such a relationship provides more consistent design criteria and allows an estimate of the cumulative damage over time which is important for making decisions regarding maintenance frequency and lifetime analysis of hydraulic structures.
Introduction
Despite the fact that many studies on the stability of stones in bed protections under flowing water have been conducted, our knowledge is still far from advanced and reliable. Issues like how to quantify the hydraulic loads exerted on the stones on a bed and how to assess the stability of the stones are central and most challenging in stone stability research.
Firstly, it is important that the hydraulic forces exerted on the stones in a bed are adequately quantified. A stability parameter -expressed as a dimensionless relationship between hydraulic loads and bed strength -is often used to quantify the influence of these forces on the bed. As the turbulence fluctuations of the flow are of importance for the stability of stones, their effect has to be taken into account, especially for non-uniform flow (Hoffmans and Akkerman, 1998; Pilarczyk, 2001; Jongeling et al., 2003; Hofland, 2005, among others) . In the few studies available, no stability parameters have proven to be adequate in quantifying the influence of hydraulic loads exerted on the bed for non-uniform flow.
Secondly, the method with which the stability of stones is assessed also plays an important role. Available stability formulae used to determine stone sizes and weights are mainly based on the concept of incipient motion of bed material (see Buffington and Montgomery, 1997 , for a review). Due to the stochastic nature of bed material movement, a robust flow condition at which the stones begin to move does not exist. Therefore, the threshold of movement is a rather subjective matter and the stone stability assessment method based on it often yields inconsistent design criteria (Paintal, 1971; WL|Delft Hydraulics, 1972; Hofland, 2005) . In contrast, the stability assessment method based on the stone transport concept leads to a result with a cause-and-effect relationship between flow parameters and the bed response, see Eq. (1) . Such a relationship provides consistent and more reliable design criteria and allows an estimate of the cumulative damage over time which is important for making decisions regarding maintenance frequency and lifetime analysis of hydraulic structures (Mosselman et al., 2000; Hofland, 2005) .
Surprisingly, most of the previous studies on stone stability are restricted to the stability threshold concept and few have attempted to derive stone transport formulae. As a result, no physical relationship between the hydraulic load and the bed response is available for non-uniform flow.
These two challenging issues are dealt with in this paper. The objectives of the study are (i) to increase insight into the effect of hydraulic parameters, such as the velocity and the turbulence fluctuations, on the stability of stones in bed protections, (ii) to establish physical relationships between the hydraulic parameters and the bed damage (i.e., stone transport formulae) for non-uniform flow to obtain a reliable estimate of bed damage.
Review of literature
A cause-and-effect relationship between flow and its induced bed damage can be expressed as:
where Ψ is a stability parameter and Φ is a bed damage indicator.
Stability parameters. Three available stability parameters that can be used to quantify the influence of the hydraulic loads exerted on a bed are those of Shields (1936) , Jongeling et al. (2003) and Hofland (2005) . The
Shields stability parameter is expressed as:
in which d is the stone diameter, ∆ = (ρ s /ρ w − 1), ρ s is the stone density, ρ w is the water density, g the gravitational acceleration, τ b is the bed shear stress, and u * is the shear velocity.
The Shields stability parameter was developed for uniform flow conditions and utilizes only the bed shear stress to quantify the flow forces. Turbulence fluctuations are not explicitly represented, but their effect is incorporated implicitly through empirical constants. This is a valid approach for uniform flows, for which the ratio of turbulence intensity to the shear velocity (and hence the bed shear stress) is virtually constant. In non-uniform flow, correction factors are conventionally applied to account for turbulence fluctuations and non-horizontal bottoms. This approach, however, does not physically incorporate the influence of the turbulence source in the upper high water column. Since the various correction factors are given rather arbitrary, it can only be used as a rule-of-thumb. Recently, Jongeling et al. (2003) and Hofland (2005) developed more generic approaches that utilize a combination of velocity and turbulence distributions over the water column to quantify the hydraulic loads. The Jongeling et al. stability parameter is expressed as:
where u denotes the mean velocity, k denotes the turbulent kinetic energy, α = 6 is an empirical turbulence magnification factor, . . . hm is a spatial average over a distance hm = 5d + 0.2h above the bed, h is the water depth.
The Hofland stability parameter reads:
where Lm denotes the Bakhmetev mixing length (Lm = κz 1 − z/h),
... Lm is a moving average with varying filter length Lm, and z is the distance from the bed.
It is noted that the stones used in bed protections are often classified as a narrow grading, defined as d 85 /d 15 < 1.5 (CUR, 1995) . The studies of Breusers (1965) ; Boutovski (1998) (flow), Van der Meer and Pilarczyk (1986) ; Van der Meer (1988 , 1993 (waves) and others have revealed that the grading and the shape of stones practically have no influence on the stone stability when the nominal diameter d n50 is used as the characteristic dimension.
where m 50 is the mass of the median size of the stones (exceeded by 50% of stone weight).
Stones often move when an increased u-velocity fluid package reaches the bed (Hofland and Booij, 2004; De Ruijter, 2004) . The probability that a high momentum fluid package reaches the bottom is related to flow parameters such as velocity and turbulence from higher up in the water column. Therefore, flow parameters at different depths can be used to represent the flow forces exerted on the bed. This was done in the stability parameters of Jongeling et al. (2003) and Hofland (2005) . These parameters were developed to explicitly account for the effect of turbulence in non-uniform flow. However, the appropriateness of these parameters has not been verified due to the high scatter level of the data that were used.
Bed damage indicator. A clearly defined and quantified measure of damage is essential for assessing the stability of a granular bed. The use of (dimensionless) bed load transport as a bed damage indicator (Φ) is conventional for uniform flow (e.g. Paintal, 1971 (Φ E ) could be used as a bed damage indicator because it is completely dependent on the local hydrodynamic parameters. The dimensionless entrainment rate is expressed as
in which n is the number of pick-ups per unit time (T ) and area (A).
Although there has been much research on stone stability, the stone transport approach has rarely been applied. Two studies that used this approach are Paintal (1971, for uniform flow) and Hofland (2005, for non-uniform flow) .
The stone transport formulae developed by Paintal (1971) cannot be used for non-uniform flow because the flow forces are quantified by the Shields stability parameter (i.e., no turbulence effect) and the bed damage is quanti-fied by the dimensionless bed load transport (i.e., non-local parameter). The tentative curve developed by Hofland (2005) describes the upper envelope of the highly scattered data of Jongeling et al. (2003) and De Gunst (1999) .
Therefore it does not reflect the actual relationship between the flow forces and the bed damage. As a result, no physical relationship between flow forces and bed damage is available for non-uniform flow.
To develop stone transport formulae for non-uniform flow, large amounts of data with detailed information on the hydraulic parameters and the corresponding bed damage are needed in order to give reliable conclusions. Such data are not available in the literature and therefore experimental work was conducted in this study.
Experiments

Experimental arrangements
The flow in gradually expanding open-channels and its influence on stone stability were focused on because under these conditions the turbulence intensity is high. The bed response (quantified by the dimensionless entrainment rate) and the flow field (velocity and turbulence intensity distributions) were measured in the experiments. The experimental installation is presented in 
Experimental procedures
Since the measurements of the hydraulic conditions and the stone entrainment require different procedures, they were undertaken separately. Each series consists of five repetitive tests with the same flow conditions. The first test is dedicated to the measurements of the flow conditions while the next four tests are used to measure the stone entrainment data. The experimental procedure of one series was as follows.
In the first test of the series, the whole flume bottom was covered by only the natural stones, ensuring that no stones were displaced during the measurements. In this first run, the desired discharge was generated and the desired water depth was obtained by adjusting the weir at the downstream end of the flume. After the flow became stationary, the water level and the velocity could be measured. The LDV could measure the velocity as close as 3 mm from the bottom. The spacing between the measuring points ∆z of 1 mm is applied for the first 5 measurements near the bottom and increases to 3 mm in the upper part of the inner region (z/h < 0.2). In the outer region, the spacing between the measuring points increases towards the free surface with the maximum value of 15 mm. In total there are about 19 to 25 measuring points for each profile depending on the water depth. The number of measuring points in the inner region (z/h < 0.2) varies from 10 to 13.
After the hydraulic conditions were measured, the same flow condition was reproduced to measure the stone entrainment data. Uniformly colored strips of light artificial stones were placed at the designated locations. In order to obtain statistically reliable entrainment rate data, the entrainment test was repeated four times. The following procedure was applied to the entrainment test. A 30-minute initial settling period was applied prior to the actual test to remove loose stones that do not determine the strength of the bed. To start the actual entrainment test the flume was flooded slowly to the designated condition. After two hours, the flow was stopped and the number of displaced stones (the stones that are removed from their colored strips) was registered. The entrainment rates obtained from the four tests are averaged to obtain the entrainment rate for the series.
Experimental results
A detailed analysis of the flow results is presented in Hoan et al. (2007) , Hoan (2007) and Hoan (2008, chap. 4) , showing that the studied flow is considered non-uniform due to the deviation (and the high scatter level) of the turbulence intensity, the eddy viscosity and the mixing length from the theoretical and empirical curves reported for uniform flow. In this paper we try to make the link between governing flow parameters and the stability of bed protections in which the effect of turbulence is incorporated. The various ways of quantifying the hydraulic loads exerted on the stones on a bed are verified and extended. The measured flow quantities and the stone entrainment data obtained from the experiment are used for the analysis. For a detailed presentation of the data, the reader is referred to Hoan (2007) and Hoan (2008, Appendix B) . In this study, the theoretical wall level is set at δ position below the top of the roughness elements. The value of δ = 0.25d n50 was chosen (see Hoan, 2008, chap . 2 for a discussion).
The proposed stability parameter
In this section a new stability parameter which incorporates the influence of turbulence sources above the bed is proposed. A qualitative function is introduced to quantify the role of a turbulence source away from the bed.
The formulation of the new stability parameter is based on the correlation analysis of the data measured in this study. The physical interpretation for this approach can be discerned from Figure 4 and is given below.
Let us assume that the flow force (F ) exerted on a stone on the bed is proportional to the square of the near bed velocity (u) and the exposed surface area of the stone (∝ d 2 ):
Since the instantaneous flow velocity u can be expressed as u = u + u ′ (in which u is the local, time-averaged component and u ′ is the fluctuating velocity component), the force can be expressed as
From this we can estimate a maximum (extreme) force as
where σ(u) = u ′2 and α is a turbulence magnification factor which accounts for the influence of the velocity fluctuations.
If we assume that the turbulence source near the bed has the largest influence on stone stability on the bed and its influence gradually decreases to a negligible amount at a certain distance H from the bed (H ≤ h), a weighting function f can be used to account for the influence of the turbulence source at a distance z (see also Figure 4 ):
where β is an empirical constant. The force from the water column H acting to move the stone can be averaged as follows:
By dividing the moving force by the resisting force, i.e. the submerged weight of the stone ≡ (ρ s −ρ)gd 3 , a general form of a new Shields-like stability parameter can be derived:
in which . . . H denotes an average over the height H above the bed (H < h).
The suitability of a stability parameter representing the hydraulic loads exerted on a bed is evaluated by considering the correlation between the stability parameter and the bed response. Therefore, the values of α, β, and H that give the best correlation between the new stability parameter and the dimensionless entrainment rate will be chosen to formulate the final expression of the new stability parameter.
Final formulation of the proposed stability parameter
The turbulence quantity used in the newly-proposed stability parame- Figure 6 illustrates the role of each parameter in the new stability parameter. In this figure, the distributions of the key parameters in the new stability parameter are calculated using the measured flow quantities at profile 2 in series 2BR. It clearly shows the large influence of the turbulence in the new stability parameter.
The correlation between the new stability parameter and the measured entrainment rate is shown in Figure 7 . The entrainment curve found by regression analysis is given as (R 2 = 0.81, α = 3.0)
4.3. Evaluation of the available stability parameters
In this section the stability parameters of Shields (1936) , Jongeling et al. (2003) and Hofland (2005) are evaluated using the present data. A correlation analysis is made and the coefficient of determination gives the quantitative validity of these parameters.
In the analysis, the shear velocity in Eq. (2) was determined based on the measured Reynolds stress distribution. As only two velocity components (u-streamwise and w-upward) are available, the turbulent kinetic energy in Eqs. (3) and (4) It is noted that the present data have certain advantages over the existing data. To the author's knowledge, of the few studies on stone transport, this study probably carried out the most detailed and accurate velocity measurements, especially in the inner region (z/h < 0.2). With the LDV instrument, the velocity was measured very close to the bottom (3mm) with a small measuring volume, a high sampling frequency (f = 500Hz) and no flow disturbance. In Jongeling et al. (2003) and De Gunst (1999) , with the water depth varying from 25 to 50 cm, only (10 -12) measuring points were used to measure velocity profiles (compared to (12 -19) cm water depth and (19 not needed to formulate the stone transport formulae in the investigation of Paintal (1971) since the bed shear stress was calculated using the energy slope. In the present study, the entrainment tests were repeated four times.
The entrainment rates obtained from the four runs were averaged to get a statistically reliable entrainment rate for the series.
Data comparison
In this section, the present data and those of Jongeling et al. Figure 8 we can conclude that Eqs. (14), (15) and (16) can also be used to predict entrainment rate out side the range of the present experiment, i.e. at a much lower entrainment rate (e.g. Φ E of 10 −9
).
Comparison of the stability parameters
The analysis presented in this paper has quantitatively confirmed that the use of the bed shear stress as the only quantity representing the flow forces is not sufficient for non-uniform flow conditions. This explains the low correlation between the Shields stability parameter (Ψ s ) and the dimensionless entrainment rate (Φ E ).
Conversely, the approaches that use the combination of velocity and turbulence distributions over a certain water column above the bed perform Surprisingly, the three approaches using the maximum (Ψ Lm ), average (Ψ W L ) and weighting average (Ψ u−σ[u] ) of the extreme forces over a water column above the bed appear to give similar results. This can be explained by i) the insensitivity (of the correlation coefficient) to H/h (above 0.5) and β ( Figure 5) and ii) the correlation between the maximum and the (weighting) average of the extreme forces.
It is noted that in the present analysis only the newly-proposed stability parameter can be directly calculated from the measured data. The stability parameters of Jongeling et al. (2003) and Hofland (2005) were calculated using the approximated turbulent kinematic energy discussed in the previous section.
Conclusions
From the analysis presented in this paper, the following conclusions can (2003) and Hofland (2005) perform similarly for the present data. This is explained by the insensitivity (of the correlation coefficient) to H/h (above 0.5) and β ( Figure 5 ) and probably the correlation between the maximum and the (weighting) average of the extreme forces.
For the first time, the actual relationship between the flow and the stone stability has been established for non-uniform flow. This relationship is described by stone transport formulae developed using the newly-proposed stability parameter and the modified stability parameters of Jongeling et al. (2003) and Hofland (2005) , namely Eqs. (14), (15) and (16), respectively.
These formulae can be used to predict the damage of bed protections (the applicability of using a numerical flow model together with these formulae to predict bed damage has been discussed in Hoan et al., 2008) . Although similar correlations are found for the three stone transport formulae, Eq. (14) was developed using purely measured data while Eqs. (15) and (16) were based on the approximated turbulent kinematic energy data. Therefore, Eq. (14) is recommended with the alternatives being Eqs. (15) and (16) 
where α = 3.0; 3.5 and 3.0, respectively.
Van der Meer, J.W. and Pilarczyk, K. (1986) . Dynamic stability of rock slopes and gravel beaches. In The 20th International Conference on Coastal Engineering, Taipei.
WL|Delft Hydraulics (1972) . Systematisch onderzoek naar twee-en driedimensionale ontgrondingen. Technical report, WL|Delft Hydraulics. In Dutch.
Notation
The following symbols are used in this paper: 
